We describe here a binding-facilitated reaction strategy, enabling quantitative conjugation of DNA to native proteins with a desirable 1 : 1 stoichiometry. The technique takes advantage of the iterative affinity interaction and covalent binding processes to achieve complete conjugation. The complete conjugation obviates the need for separation of the protein-DNA conjugates as required by other DNA-protein conjugation methods.
Protein-DNA conjugates, which combine the unparalleled programmability of DNA with the tremendous diversity of protein functions, have shown diverse applications, ranging from protein immobilization [1] [2] [3] [4] and bioanalysis [5] [6] [7] [8] [9] to fluorescence imaging [10] [11] [12] [13] and targeted drug delivery. 14 Several chemical conjugation methods based on either covalent bond formation or noncovalent interaction have been developed for the synthesis of protein-DNA conjugates. [15] [16] [17] Among them, bi-functional crosslinkers, often present in a large excess, are most commonly used for coupling DNA to proteins through random reactions with lysine residues on the surface of proteins. Because multiple lysine residues may be present on a protein surface, such conjugation approaches result in a mixture of highly heterogeneous products with various DNA : protein stoichiometries. Random conjugation of multiple DNA strands to a protein molecule can adversely affect the biological functions of proteins. 18 Highly desirable 1 : 1 protein-DNA conjugation has been mainly achieved by genetically incorporating specific chemical handles into proteins of interest for subsequent DNA coupling. Several strategies using either bio-orthogonal handle, 18, 19 enzyme-catalyzed tag, 20 or self-labeling enzyme 21, 22 have been developed to prepare such genetically modified proteins. However, these processes are laborious, time-consuming, and technically challenging. To achieve the 1 : 1 DNA-protein conjugation without the need for genetic modification of proteins, affinity molecules can be used to controllably deliver the DNA strands to proteins of interest. DNA-templated synthesis (DTS) 23 has been applied to the conjugation of small molecule binding proteins with photoreactive DNA molecules. [24] [25] [26] However, to date, synthesis of protein-DNA conjugates with a 1 : 1 stoichiometry and quantitative 100% yield has not been demonstrated. Gothelf and coworkers combined metal affinity binding and DTS for conjugation of DNA to proteins bound to metal affinity probes, such as antibodies, His-tagged proteins, and other metal-binding proteins. 27, 28 Their method ''yielded the desired single-oligonucleotide conjugates in approximately 10% after purification by gel extraction''. 27 Tan et al. used aptamer binding to achieve the conjugation of DNA to target proteins. [29] [30] [31] The purified protein conjugate was ''extracted from non-denaturing PAGE, and the extraction yield was about 56%''. 31 Both methods required separation of protein-DNA conjugates from the unconjugated proteins. The primary objective of this research is to establish a new strategy that is able to synthesize protein-DNA conjugates with complete yield, thus obviating the need for separation or purification of the protein-DNA conjugates.
Here we describe a binding-facilitated reaction strategy enabling the quantitative synthesis of protein-DNA conjugates with a precise 1 : 1 stoichiometry and under mild reaction conditions (Scheme 1). This strategy makes use of affinity binding to secure the 1 : 1 protein-DNA conjugation and to produce high conjugation efficiency. To achieve a 1 : 1 protein-DNA conjugation, we introduced the 1 : 1 protein-ligand binding to ensure that only a single DNA strand is brought in close proximity to each protein molecule (Scheme 1a and Fig. S1a in ESI †) . A DNA hybrid was first prepared by hybridizing the conjugation strand with its complementary strand; the conjugation strand was labeled with a reactive group N-hydroxysuccinimide (NHS) ester at the 5 0 -end and the complementary strand was labeled with an affinity ligand at the 3 0 -end. To avoid any random conjugation of DNA to protein, we mixed the target protein and DNA hybrid at a concentration that prevented NHS groups from directly reacting with lysine residues on the protein surfaces without the involvement of affinity binding. Because the affinity ligand allowed for the binding of a single ligand molecule to each protein molecule, only one NHS-containing DNA strand was brought in close proximity to the protein surface (Scheme S1a, ESI †), resulting in a high local concentration sufficient for covalent amide formation between NHS and the lysine residue (Scheme S1b, ESI †). As a result, 1 : 1 protein-DNA conjugates were formed. The binding-facilitated reaction technique was demonstrated by the successful conjugation of DNA to carbonic anhydrase II (CAII) and to a-thrombin. These reactions used a small molecule and aptamers as affinity ligands whose dissociation constants (K d ) vary by three orders of magnitude (from 0.5 nM to 3.2 mM), suggesting the general applicability. The NHS ester can also be hydrolyzed in aqueous solutions (Scheme S1c, ESI †), which is beneficial for minimizing random protein-DNA conjugation. However, the hydrolysis of NHS esters reduces the conjugation efficiency, as in the case when NHS esters bound to DNA hybrids were degraded (Scheme S1c, ESI †). Because the affinity binding between ligands and proteins is reversible, the bound DNA hybrid containing the hydrolyzed ester can be displaced by an intact DNA hybrid, allowing unconjugated protein molecules to react with the reactive DNA hybrids (Scheme S1d, ESI †). Such iterative reaction continues until all protein molecules are conjugated.
We first used carbonic anhydrase II (CAII) and its inhibitor, benzenesulfonamide (SA), to test the feasibility of our strategy (Fig. 1a) . CAII has excellent stability and well-characterized ligand-binding property. 32 To prepare SA-DNA (Fig. 1b) , we labeled 4-(2-aminoethyl)benzenesulfonamide (SA) with thiolated DNA using N-succinimidyl 6-maleimidocaproate (EMCS) as the cross-linker (Fig. S1a , ESI †). We used electrospray ionization mass spectrometry to monitor the reaction process and to detect the product (SA-maleimide) (Fig. S1b , ESI †). Polyacrylamide gel electrophoresis (PAGE) analysis showed that approximately 97% of DNA was labeled with SA ( Fig. 1c ).
Given that a mild reaction condition can help to maintain the activity of the proteins, and that the amide bond formed between carbonic acid and lysine residue is very stable, 27,31 we chose NHS ester as the reactive group. The NHS ester containing DNA (NHS-DNA) was prepared by reacting amine-functionalized DNA with disuccinimidyl suberate (DSS). We have optimized the reaction conditions, such as the concentration of NHS-DNA (Fig. S2, ESI †) , the reaction time (Fig. S3, ESI †) , and the design of the spacer (Fig. S4, ESI †) , to minimize the binding-independent background and maximize the yield (Fig. S5, ESI †) . These results also indicate the importance of using affinity binding to guide the conjugation of DNA to CAII.
We used 1 : 1 molar ratio of DNA and CAII in the conjugation reactions. Although the conjugation of DNA to CAII was fast, the yield was not quantitative: about 62% when the concentration of CAII and the DNA was 1 mM (Fig. S4, ESI †) . We hypothesized that the incomplete conjugation could be attributed to two possible reasons: poor affinity binding between CAII and SA-DNA or the hydrolysis of NHS and loss of its reactivity before NHS-DNA is brought to the surface of CAII. To test the first hypothesis, we conjugated DNA to streptavidin using biotin-DNA and NHS-DNA. We prepared the DNA hybrid between biotin-DNA and NHS-DNA and then mixed streptavidin with the hybrid at varying DNA : streptavidin ratios. SDS-PAGE analysis confirmed the conjugation yield of DNA to streptavidin was only B28% for the different DNA : streptavidin ratios (Fig. S6, ESI †) . Because of the very high binding affinity (K d = 10
À15
) of biotin to streptavidin, all streptavidin molecules were bound by the DNA hybrid, suggesting that the incomplete conjugation efficiency is not due to low binding affinity but due to the hydrolysis of NHS-DNA.
To address the issue of the hydrolysis of the NHS ester, we reasoned that the reversible association and dissociation property of the ligand-protein interaction could be used to our advantage because the dissociation of the hydrolyzed NHS-DNA would be replaced with an intact NHS-DNA hybrid. Such iterative reaction would continue until all the protein molecules are conjugated. We tested our hypothesis by increasing the DNA to CAII molar ratio from 1 : 1 to 2 : 1, 5 : 1 and 10 : 1, by increasing the SA/NHS-DNA concentration from 0.1 to 0.2, 0.5 and 1.0 mM while keeping the concentration of CAII constant at 0.1 mM. The conjugation yield increased with increasing SA/NHS-DNA concentrations. When the concentration of SA/NHS-DNA was 0.5 and 1.0 mM (lane 4 and 5, Fig. 1d ), no free CAII was observed, demonstrating quantitative conjugation of DNA to CAII. These results show the first example of achieving complete synthesis of protein-DNA conjugate with a 1 : 1 stoichiometry.
To confirm that the cycling of association and dissociation of affinity binding leads to the complete conjugation, we conducted a competitive binding experiment. We first incubated 0.1 mM CAII with 1.0 mM SA-DNA for 30 min to allow for sufficient binding of SA-DNA to CAII. We then added 1.0 mM NHS-DNA and varying concentrations of free SA (0, 5, 25, 125 mM). The excess amounts of free SA could compete with SA/NHS-DNA hybrids and interfere with the process of association and dissociation of affinity binding. Interference of the competing free SA resulted in the incomplete conjugation (Fig. S7, ESI †) . These results support that the iterative process of affinity interaction and covalent binding is the underlying reason of the complete conjugation. We have also conducted mass spectrometry analysis and confirmed the 1 : 1 stoichiometry of the protein : DNA conjugate (Fig. S8, ESI †) .
We further examined whether other types of affinity ligands can be used to accomplish quantitative conjugation. We chose thrombin as the target for DNA conjugation because its two aptamers, with K d of B100 nM and 0.5 nM, [33] [34] [35] allow for testing the effect of binding affinity on the conjugation. We extended each aptamer at its 3 0 end with the same DNA sequence used for the CAII study (Table S1 , ESI †), to attach the same NHS moiety. When the ratio of DNA : thrombin was 1 : 1, the conjugation yields of 39% and 31% were achieved using TBA (Fig. S9 , ESI †) and HD22 ( We further used the CAII-DNA conjugate, without any purification, to build a molecular switch 36, 37 that either inhibits or restores the activity of CAII. To test the inhibition of CAII, we measured the fluorescence of 6-carboxyfluorescein, produced by the CAII-catalyzed hydrolysis of the fluorogenic substrate 6-carboxyfluorescein diacetate (CFDA) (Fig. 3a) . The free SA was not effective to inhibit the activity of CAII (Fig. S12, ESI †) . However, the activity of CAII was completely inhibited by using the SA-DNA and the CAII-DNA conjugate that we synthesized (Fig. 3b) . This increase in enzyme inhibition was because the hybridization of the complementary sequences in SA-DNA and CAII-DNA facilitated the binding of SA to CAII (Fig. 3a , left schematic). To build a molecular switch, we introduced an initiator DNA that could remove the SA-DNA inhibitor from the CAII enzyme through a toehold-mediated strand-displacement reaction (Fig. 3a) . Indeed, the addition of the initiator DNA increased the fluorescence (Fig. 3b) due to the restoration of the activity of the previously inhibited CAII enzyme. These results show that the activity of CAII-DNA could be effectively inhibited by SA-DNA and that this inhibition could be reversed, i.e., a molecular switch. Importantly, the construction of this molecular switch did not require any separation of the CAII-DNA conjugation product, demonstrating the benefit of the efficient conjugation of DNA to protein with a 1 : 1 stoichiometry.
In summary, we have demonstrated the quantitative conjugation of DNA to specific proteins with a precise 1 : 1 stoichiometry. Efficient conjugation of DNA to carbonic anhydrase II and a-thrombin, using affinity ligands with dissociation constants varying by B6400 folds, indicates the generality of our strategy. Without the need for the separation of DNA-protein conjugates, we envision diverse applications, such as in biosensing, protein identification and quantification, targeted drug delivery, and manipulation of cell function.
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